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Sea-salt aerosol global models are typically evaluated against concentration observations at coastal
stations that are unaffected by local surf conditions and thus considered representative of open ocean
conditions. Despite recent improvements in sea-salt source functions, studies still show signiﬁcant
model errors in speciﬁc regions. Using a multiscale model, we investigated the effect of high model
resolution (0.1  0.1 vs. 1  1.4) upon sea-salt patterns in four stations from the University of Miami
Network: Baring Head, Chatam Island, and Invercargill in New Zealand, and Marion Island in the sub-
antarctic Indian Ocean. Normalized biases improved from þ63.7% to þ3.3% and correlation increased
from 0.52 to 0.84. The representation of sea/land interfaces, mesoscale circulations, and precipitation
with the higher resolution model played a major role in the simulation of annual concentration trends.
Our results recommend caution when comparing or constraining global models using surface concen-
tration observations from coastal stations.
© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Sea-salt is one of the largest contributors to the aerosol mass in
the atmosphere, with uncertain annual emission estimates ranging
from 0.3 Pg to 30 Pg (Lewis and Schwartz, 2004). Sea-salt affects the
radiative ﬂuxes directly by interacting with shortwave and long-
wave radiation (Haywood et al., 1999; Ma et al., 2008), and indi-
rectly by acting as cloud condensation nuclei (CCN) (Pierce andt, Barcelona Supercomputing
, 08034 Barcelona, Spain.
Ltd. This is an open access article uAdams, 2006, 2009). Therefore, future increases or decreases of
sea-salt due to changes in surface wind speed, atmospheric sta-
bility, precipitation, and sea-ice cover could result in positive or
negative feedbacks on the climate system (Struthers et al., 2011).
Modeling studies have attempted to constrain the sea-salt
aerosol life-cycle, specially focusing on the sea-salt source func-
tion, which represents the largest source of uncertainty (Gong,
2003; Mårtensson et al., 2003; Lewis and Schwartz, 2004; Clarke
et al., 2006; Caffrey et al., 2006; Jaegle et al., 2011; Fan and Toon,
2011; Gryhte et al., 2014; Partanen et al., 2014). Sea-salt source
functions in global models are constrained and/or evaluated with
aerosol optical depth (AOD) observations from satellites and Sun
photometers, wind speed and surface concentrationmeasurementsnder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
Table 1
Observation sites considered in this work. Labels UNI-MIAMI, NIWA, and SWAS
stand for University of Miami Network, National Institute of Water and Atmospheric
Research, and South African Weather Service, respectively.
Station Latitude Longitude Contributor Observation years
Sea-salt surface mass concentration
Baring Head 41.28 S 174.87 E UNI-MIAMI 1987e1996
Chatam Island 43.92 S 176.50 W UNI-MIAMI 1983e1996
Invercargill 46.43 S 168.35 E UNI-MIAMI 1983e1996
Marion Island 46.92 S 37.75 E UNI-MIAMI 1992e1996
Precipitation and wind
Baring Head 41.28 Sa 174.87 Ea NIWA 1980e2010
Chatam Island 43.92 Sa 176.50 Wa NIWA 1980e2010
Invercargill 46.43 Sa 168.35 Ea NIWA 1980e2010
Marion Island 46.90 S 37.85 E SWAS 1980e2010
a Stands for average on multiple observation sites at the corresponding model
gridcell.
M. Spada et al. / Atmospheric Environment 101 (2015) 41e4842from experimental campaigns (Quinn and Bates, 2005), and surface
concentration climatologies at coastal stations from the University
of Miami Network (UNI-MIAMI) (Savoie and Prospero, 1977). The
UNI-MIAMI measurements represent the most comprehensive and
used global climatological dataset of sea-salt surface concentration.
Global model studies use a subset of the UNI-MIAMI coastal sta-
tions that are barely affected by local surf conditions (i.e. local
production by breaking waves) and thus considered representative
of open ocean conditions.Fig. 1. Simulated sea-salt annual emission (upper panels) and annual mean surface concent
resolutions over New Zealand using the Jaegle et al. (2011) (J11) source function. Simulat
emission ﬂux and surface concentration, respectively. Plots are displayed over zoomed regio
longitudes from 15.2 S to 67.2 S). a, b, and c indicate UNI-MIAMI stations (Baring Head, CIn a recent work, Jaegle et al. (2011) showed that the discrep-
ancy with observations of a model including a widely used source
function based on a power law dependence on wind speed (Gong,
2003) was a strong function of SST. Using cruise observations to
derive an empirical source function depending on both wind speed
and SST, Jaegle et al. (2011) obtained model bias reductions of
nearly a factor of two for both cruise and station observations.
Although the ﬁtted parameters in the source function of Jaegle et al.
(2011) are model dependent, Tsigaridis et al. (2013) and Spada et al.
(2013) recently tested the source function and found improved
agreement with surface concentration observations in comparison
to a number of other schemes. However, simulations remain
affected with uncertainties up to a factor of 2 or more. For example,
Spada et al. (2013) found positive systematic biases of a 100% or
more in Baring Head, Chatam Island, Invercargill andMarion Island,
regardless of the source function applied in a global model at
1  1.4 resolution. Simulations included a variety of combined
source functions including the schemes of Gong (2003), Monahan
et al. (1986), Smith et al. (1993), Mårtensson et al. (2003), and
Jaegle et al. (2011). Similarly, Tsigaridis et al. (2013) found strong
overestimations in these stations, with most of the simulated
monthly mean concentrations greater than the measured clima-
tological values plus one standard deviation. In Jaegle et al. (2011) a
positive bias of about 100% was found in Marion Island, while
negative biases in Baring Head and Invercargill were more pro-
nounced when using the SST-dependent source function. Regard-
less of the source function or global model used, the annual trend inration (bottom panels) at low (GLOB, left column) and high (REG, right column) model
ed averages refer to a 5-year period (2002e2006). The labels emi and sconc refer to
ns with respect to simulated domains (covering latitudes from 148.8 E to 159.2 Wand
hatam Island, and Invercargill, respectively).
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(2011); Tsigaridis et al. (2013); Spada et al. (2013)).
Sea-salt emissions in the open ocean are relatively independent
of model resolution compared to mineral dust emitted from arid
regions (Ridley et al., 2013). However, some UNI-MIAMI coastal
stations are surrounded by pronounced orographic gradients and/
or complex sea/land interfaces (complex coastal areas and small
islands). Therefore, even if free from surf-zone production, these
stationsmay not be representative of open-ocean conditions from a
meteorological point of view, whichmay affect the interpretation of
global model evaluations. In this sense, we investigated the role
played by model resolution in capturing topography, mesoscale
circulations, and precipitation at these coastal/orographic regions,
and how these aspects affected the sea-salt annual trends at the
measurement stations. We focused on two regions including four
UNI-MIAMI stations: the New Zealand region e including Baring
Head (41.28 S, 174.87 E), Chatam Island (34.92 S, 176.50 W) and
Invercargill (46.43 S, 168.35 E) e and Marion Island (46.92 S,
37.75 E).
2. Methodology
We used the multiscale NMMB/BSC Chemical Transport Model
(Perez et al., 2011; Haustein et al., 2012; Jorba et al., 2012) whose
uniﬁed non-hydrostatic dynamical core allows for regional and
global simulations (Janjic et al., 2011; Janjic and Gall, 2012). Sea-salt
aerosol is represented by using a set of 8 size-bins ranging from
0.1 mm to 15 mm in dry radius. Details on the sea-salt aerosol
module can be found in Spada et al. (2013). We compared globalFig. 2. Simulated annual mean wind speed at 10 m (upper panels) and annual accumulated
model resolutions over New Zealand. 30-year observational climatologies from the Natio
Simulated values cover a 5-year period (2002e2006). The label acprec refers to accumula
domains (covering latitudes from 148.8 E to 159.2 Wand longitudes from 15.2 S to 67.2 S
respectively).simulations at 1 1.4 horizontal resolution and 24 vertical levels
(GLOB) with high-resolution regional simulations at 0.1  0.1 and
40 vertical levels. The global simulations and their evaluation were
discussed in Spada et al. (2013). In this contribution, we considered
two high-resolution regional domains (REG) centered in New
Zealand (174.8 E, 41.2 S) and Marion Island (37.7 E, 46.1 S). For
the global simulations we applied the source function of Gong
(2003) (G03-GLOB) based on a power law dependence on wind
speed and the source function of Jaegle et al. (2011) (J11-GLOB)
based on Gong (2003) with an added dependency on SST. For the
regional simulations we used the source function of Jaegle et al.
(2011) (J11-REG). The dynamical core and all physical schemes
were identical in both REG and GLOB simulations. The two REG
domains were extended enough (i.e. more than 2000 km from the
center of the domains, which represents ﬁve times the mean
transport path of sea-salt aerosols at maximum wind speed con-
ditions in the region) to avoid any noticeable sea-salt contribution
from the boundaries of the domain to the study region. We per-
formed 5-year simulations (2002e2006) in order to compare the
model results with climatological observations. Simulations were
initialized every 24 h and constrained at boundaries every 6 h with
NCEP Final Analysis (FNL).
For the model evaluation we considered four stations from the
UNI-MIAMI Network: (a) Baring Head, (b) Chatam Island, (c)
Invercargill, and (d) Marion Island (see Table 1). Measurements are
available from the early 1980s to the 1996 and these sites are free
from surf-zone produced sea-salt aerosol (J. Prospero, personal
communication, 2012). Observed sea-salt concentration was
computed as SS ¼ Cl þ 1.47Naþ (Quinn and Bates, 2005).precipitation (lower panels) at low (GLOB, left column) and high (REG, central column)
nal Institute of Water and Atmospheric Research (NIWA) are shown (right column).
ted precipitation. Plots are displayed over zoomed regions with respect to simulated
). a, b, and c indicate UNI-MIAMI stations (Baring Head, Chatam Island, and Invercargill,
M. Spada et al. / Atmospheric Environment 101 (2015) 41e4844Measurements are not constrained by an upper cutoff in radius. We
also evaluated the simulatedwind speed and precipitationwith 30-
year observational climatologies (1980e2010) provided by the
National Institute of Water and Atmospheric Research (NIWA)
(Wratt et al., 2006) and the South African Weather Service (SWAS)
(Rouault et al., 2005) (Table 1). Additionally, NIWA provided
climatological maps covering the New Zealand islands at
0.5  0.5 resolution.
3. Results and discussion
The New Zealand region is characterized by open ocean west-
erlies and extratropical cyclones colliding with steep orographic
gradients, which represent a classic example of the barrier problem
(e.g. Roe (2005)). The inﬂuence of the Southern Alps orographic
gradients upon wind and precipitation patterns represents a well
studied topic both experimentally (Sinclair et al., 1997; McCauley
and Sturman, 1999; Wratt et al., 2000) and through regional
modeling (Katzfey, 1995a, b; Bormann and Marks, 1999; Revell
et al., 2002). Westerlies have to circumvent the barrier and the
ﬂux is enhanced at the edges of the Island; rising humid air cools by
adiabatic expansion releasing precipitation at the windward side of
the mountain and becomes drier at the leeward side.
The Southern Alps are around 40 kmwide and over 1.5 km high,
with maximum heights of 3 km. Therefore, at REG scales (lREG) the
model was able to capture the spatial length characterizing the
orographic gradients lc¼ 40 km (lc ~ 5lREG) in contrast to GLOB (lc/
lGLOB < 1). Fig. 1 shows the simulated annual sea-salt emission
ﬂuxes and annual mean surface concentration over the domain,
both at low and high-resolution. At high-resolution (REG), the
annual mean surface concentration decreased over New Zealand
from 20% to 80% compared to the GLOB simulation. Marked
changes in concentration patterns also were found in the New
Zealand straits that neighbor Baring Head (a) and Invercargill (c),
respectively. Furthermore, Chatam Island (b) was treated as a land
grid cell with no direct emission in the REG simulation, while it was
represented as an ocean grid cell in the GLOB simulation, leading to
a decrease of roughly 30%.
Fig. 2 shows the simulated annual meanwind speed at 10 m and
annual precipitation over the New Zealand domain compared to
the NIWA climatological maps. Simulated and observed wind roses
at Invercargill are also displayed in Fig. 3. Meteorological patternsFig. 3. Simulated wind rose of Invercargill (c) at low (GLOB, left panel) and high (REG, centra
the National Institute of Water and Atmospheric Research (NIWA) are shown (right panel)changed signiﬁcantly. At REG scales wind speed increased up to
20% compared to GLOB at the Cook Strait (between North and South
Islands) and the edges of the Island. Over land, wind speed
generally decreased, except for a narrow region leeward of the
Southern Alps where winds increased up to 6e8 m/s, in better
agreement with the observed NIWA climatology. Precipitation was
enhanced to the west of the Island, including the open ocean and
specially windward of the Southern Alps with a 800% increase. The
maximum values and ﬁne structure of precipitation were in strong
agreement with the NIWA climatological map. Simulated pre-
cipitations upwind of the Southern Alps increased from 1200 mm/
yr with GLOB to 10,300 mm/yr with REG, removingmost of the bias
with respect to the NIWAmaximumvalues (around 11,200 mm/yr).
The ﬁne structure of the North Island and its local maxima were
also well reproduced. The results outline the high-resolution
model's ability to capture characteristic scales of the New Zealand
circulation.
We also explored simulations over a large domain including
Marion Island. Maps of sea-salt emission and surface concentra-
tion, wind speed at 10 m, and precipitation are displayed in Figs. 4
and 5. Marion Island (d) is a small volcanic island with steep
orography (around 20 km of diameter and up to 1200 m altitude),
subjected to strong northwesterly winds and high precipitation all
year round. Regardless of the source function and global model,
studies have shown systematic overestimations of the sea-salt
surface concentration measured by the UNI-MIAMI station in
this location. At the resolutions used by global models, the Island
is considered as an open-ocean grid cell, and when REG scales
were adopted, the sea/land interface was properly resolved by the
model. In addition, precipitation was enhanced (up to 200% with
respect to GLOB) windward of the orographic barrier. Conse-
quently, an overall decrease of monthly mean concentrations from
roughly 20 mg/m3 (J11-GLOB) to 10 mg/m3 (J11-REG) takes place
over the Island.
Figs. 6 and 7 show the evaluation at the UNI-MIAMI mea-
surement sites. The scatterplots indicate the signiﬁcant improve-
ment introduced when using high resolution. The strong positive
bias affecting GLOB was reduced from þ63% (J11-GLOB) to þ3.3%
(J11-REG) and the overall correlation increased from 0.52 to 0.84.
The positive impact of model resolution was at least as large as the
introduction of the SST-dependence in the G03 source function
(bias reduced from þ124% (GO3-GLOB) to þ63% (J11-GLOB) andl panel) model resolutions over New Zealand. 30-year observational climatologies from
. Simulated values cover a 5-year period (2002e2006).
Fig. 4. Simulated sea-salt annual emission (upper panels) and annual mean surface concentration (bottom panels) at low (GLOB, left column) and high (REG, right column) model
resolutions over Marion Island using the Jaegle et al. (2011) (J11) source function. Simulated averages refer to a 5-year period (2002e2006). The labels emi and sconc refer to
emission ﬂux and surface concentration, respectively. Plots are displayed over zoomed regions with respect to simulated domains (covering latitudes from 12.7 E to 62.7 E and
longitudes from 21.9 S to 71.9 S). d indicates the UNI-MIAMI Marion Island station.
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these effects may be taken into consideration when evaluating
source functions at these sites. The positive bias of wind speed at
10 m was reduced from þ24.6% to þ15.8% and the correlation
increased from 0.62 to 0.89. Remarkably, the high-resolution
model was able to signiﬁcantly reduce the overestimations of
the wind speed monthly averages below 6 m/s. The simulation of
precipitation improved with a reduction of the negative bias
from 31.4% to 7.1%. In particular, the underestimated high
monthly mean precipitations were corrected towards the
observed values. The precipitation correlation increased from 0.65
to 0.86.
We identiﬁed three different effects introduced by the
enhanced model resolution. When the model was able to properly
solve small islands and represented them as land grid cells instead
of ocean cells, sea-salt aerosol was not directly produced in such
cells and the sea-salt surface concentration strongly decreased:
this was mostly the case of Chatam Island (b). At Invercargill (c),
the simulated wind circulation was strongly affected by the rep-
resentation of the Southern Alps barrier. The model scales were
able to capture the mesoscale circulation, with wind speed re-
ductions and changes in wind direction in better agreement withthe measured climatologies. Fig. 3 shows how the unrealistic wind
rose at Inverncargill (c) with the GLOB simulations was clearly
improved in the REG simulation, which better matched the
observed dominant western winds and the lower wind speed
values observed in other directions. Emissions and transport were
consequently affected and the simulated surface concentrations
decreased towards the observed monthly averages. We highlight
the signiﬁcant improvements introduced in the annual trend at
Invercargill (c). The spurious maximum value in September ob-
tained with GLOB simulations (also found in Liu et al. (2005) and
Jaegle et al. (2011)) was suppressed and replaced by a minimum
value in August, in better agreement with the measured clima-
tology. At Baring Head (a) and Marion Island (d) we observed a
signiﬁcant increase in simulated precipitation when high-
resolution was used, in agreement with measurements, with
subsequent enhancement of sea-salt wet-deposition (not shown)
and a decrease in concentration. Being Baring Head (a), Inver-
cargill (c) and Marion Island (d) stations located close to the
coastal line, model results in these sites were also affected by the
sea/land interface effect discussed for Chatam Island (b). The
quantiﬁcation of the relative importance of each of these effects is
complex and beyond the scope of this contribution.
Fig. 5. Simulated annual mean wind speed at 10 m (upper panels) and annual accumulated precipitation (bottom panels) at low (GLOB, left column) and high (REG, right column)
model resolutions over Marion Island. Simulated values cover a 5-year period (2002e2006). The label acprec refers to accumulated precipitation. Plots are displayed over zoomed
regions with respect to simulated domains (covering latitudes from 12.7 E to 62.7 E and longitudes from 21.9 S to 71.9 S). d indicates the UNI-MIAMI Marion Island station.
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We investigated the inﬂuence of model resolution on the
simulation of sea-salt aerosol trends at global evaluation stations
located in regions characterized by strong orographic gradients
and/or complex sea/land interfaces. We selected four stations from
the University of Miami Network where different global models
presented signiﬁcant errors when compared with sea-salt surfaceFig. 6. From left to right: scatterplots of simulated versus observed monthly mean sea-salt
squares, cyan triangles and blue circles refer to G03-GLOB (emission source of Gong (2003)
and J11-REG (emission source of Jaegle et al. (2011) at high resolution) results, respectively. r
period (2002e2006). (For interpretation of the references to color in this ﬁgure legend, theconcentration climatologies. We showed that an increase of model
resolution from 1  1.4 to 0.1  0.1 without changing any
model scheme resulted in a strong bias reduction from þ63.7% to
3.3% and an increase in the overall correlation from 0.52 to 0.84.
The improvement of model results may be related to a better
reproduction of sea/land interfaces and the characterization of
mesoscale circulations and precipitation. We note that model ex-
periments at 0.5 and 0.25 (not reported here) did not showsurface concentrations (sconc), wind speed at 10 m, and precipitation (acprec); green
at low resolution), J11-GLOB (emission source of Jaegle et al. (2011) at low resolution),
and b stand for overall correlation and normalized bias. Simulated values cover a 5-year
reader is referred to the web version of this article.)
Fig. 7. Simulated and observed monthly mean values of surface concentration (left column), wind speed at 10 m (central column), and precipitation (right column) in each
considered station; green, cyan, and blue lines refer to G03-GLOB, J11-GLOB, and J11-REG results, respectively. The label CLIM stands for climatologies. Observational climatologies
(black lines, including standard error deviation bars) are from the University of Miami Network (UNI-MIAMI), the National Institute of Water and Atmospheric Research (NIWA), and
the South African Weather Service (SWAS). Simulated values cover a 5-year period (2002e2006). J11-GLOB and J11-REG interannual standard deviation are also shown (shaded gray
and blue, respectively). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
M. Spada et al. / Atmospheric Environment 101 (2015) 41e48 47improvements with respect to the experiments at 1  1.4. Res-
olutions of at least 0.1 are needed to reproduce the observations
at these sites.
Our results suggest that caution may be taken when evaluating
and/or constraining sea-salt global models with measurements
from sites affected by coastal/orographic effects. Systematic errors
in these sites due to the use of coarse resolution in global models
can strongly affect the interpretation of model results that compare
sea-salt source functions of the open ocean.
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